We examine dynamics of water molecules and hydrogen bonds at the water-protein interface of the wild-type antifreeze protein from spruce budworm Choristoneura fumiferana and a mutant that is not antifreeze active by all-atom molecular dynamics simulations. Water dynamics in the hydration layer around the protein is analyzed by calculation of velocity autocorrelation functions and their power spectra, and hydrogen bond time correlation functions are calculated for hydrogen bonds between water molecules and the protein. Both water and hydrogen bond dynamics from subpicosecond to hundred picosecond time scales are sensitive to location on the protein surface and appear correlated with protein function. In particular, hydrogen bond lifetimes are longest for water molecules hydrogen bonded to the ice-binding plane of the wild type, whereas hydrogen bond lifetimes between water and protein atoms on all three planes are similar for the mutant.
Introduction
While the complex dynamics of large biological molecules and the connection to function have fascinated physical scientists for some time, in more recent years researchers have turned their attention to the interface of biomolecules with water. Coupling of protein and water dynamics, for example, has been examined by molecular simulations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and a growing number of experimental probes [11] [12] [13] [14] , and a wide variety of dynamical time scales have been found [15, 16] due to the heterogeneity of protein-water interactions. One class of proteins for which protein-water interactions are critical to function is antifreeze proteins (AFPs). AFPs are widely distributed in certain plants, vertebrates, fungi, and bacteria to provide cells protection in cold environments [17] [18] [19] [20] but the mechanism for antifreeze activity is still not well understood. In this paper we analyze by all-atom molecular dynamics (MD) simulations the dynamics of water molecules and hydrogen bonds at the protein-water interface of the AFP from the spruce budworm Choristoneura fumiferana and a mutant that has little antifreeze activity. We calculate velocity autocorrelation functions and their power spectra for water molecules around the protein and we compute hydrogen bond time correlation functions for bonds between the protein and water. We obtain distinct spectra for the water around different regions of the protein, which are affected by mutation. Moreover, we observe longer hydrogen bonding between water molecules and the icebinding plane of this AFP compared to other parts of the protein, a difference that nearly disappears with mutation, indicating a correlation between hydrogen bond lifetimes and activity of this AFP.
AFPs were first discovered in several Antarctic fish species [21] , AFPs that have since been classified as Type I. The generally accepted mechanism for the Type I AFP is the adsorption-inhibition mechanism [22] [23] [24] , which proposes that AFPs adsorb onto the preferred growth sites of an ice surface, thereby preventing new ice growth [25] . It was initially thought that ice and AFP interacted through hydrogen bonding [22] . However, when parts of the protein that were thought to facilitate this hydrogen bonding were mutated, the hypothesized decrease in antifreeze activity was not observed, and hydrophobic interactions were suggested instead [26] . MD simulations have been carried out to sort out the possible mechanisms [6] , but there is still no consensus on which sites of the protein interact with ice, Figure 1: The structure of wild-type AFP from spruce budworm Choristoneura fumiferana, indicating the location of the four threonine residues on the ice-binding plane (Plane 1), which in our mutation studies we replace with leucine. Plane 2 is in the front and Plane 3 is in the back.
or whether the protein inhibits growth of ice locally at the protein-water interface or over a larger number of water layers near the protein. Recent THz studies [27] indicate that, at least for AFP in winter flounder, the effect appears to be delocalized. The antifreeze activity of the AFP from the spruce budworm Choristoneura fumiferana [28] , shown in Figure 1 , can apparently be attributed in part to specific residues located on part of the surface of the protein. This protein is not a member of the Type I family. The protein structure contains three planes and mutation studies demonstrate that threonine-rich Plane 1 is the ice-binding plane. Mutation of just a few of the threonines to leucines (Figure 1 ) dramatically diminishes antifreeze activity [28] . Nutt and Smith [29] recently carried out MD simulations to examine the water dynamics in the hydration layer around the protein and found distinct dynamics around each of the three planes and noticeably slower dynamics around Plane 1. In this study we observe, like Nutt and Smith, quite distinct differences for the water dynamics around each of the three planes of the protein and in the hydrogen bond lifetimes for hydrogen bonds between the water molecules and the protein. Moreover, we examine a mutant that is antifreeze inactive and find that the mutation affects the hydrogen bond dynamics; that is, hydrogen bond lifetimes around the three planes are much closer to each other than in the wild type.
In the following section, we provide details of the computational methods and analysis. We then report results of our calculation of power spectra for water molecules near the three distinct planes of the protein and of our investigation of hydrogen bond lifetimes for bonds between water molecules and the protein. Concluding remarks are given in the final section.
Computational Methods
The initial coordinates of the antifreeze protein from the spruce budworm Choristoneura fumiferana were taken from the Protein Data Bank file 1L0S. Missing residues and hydrogen atoms were built into the structure and the iodated tyrosine Y26 required for the structure determination was reverted to a standard tyrosine using Swiss PDB Viewer [30] . For the mutant, four threonine residues on Plane 1 were mutated to leucines (Figure 1 ), a mutation that significantly reduces the antifreeze properties of the protein [17] , to explore the effect of this mutation on the water dynamics and hydrogen bond lifetimes.
Both the wild-type and mutated structure were first minimized for 1000 steps with the steepest descent algorithm using the AMBER03 force field [31] , after its solvation in a 70Å cubic water box of TIP5P water model. Then the systems, each of which contained 10539 water molecules, were equilibrated for 400 ps. For the first 100 ps the positions of the proteins were restrained and in the latter 300 ps they were released. Constraints were applied to all bonds to hydrogen with the SHAKE algorithm and periodic boundary conditions were applied. All the classical MD simulations were performed on the systems in canonical (NVT) ensemble with the GROMACS software package [32] . Following equilibration, trajectories of 2 ns were obtained at 300 K with a Nose-Hoover thermostat [22, 23] . Nonbonded interactions were gradually brought to zero by a shift function for the electrostatics as well as a switch function for van der Waals interactions between 10 and 12Å [24, 25] . All the simulations were performed by integrating Newton's equations of motion with the Verlet algorithm [26] using 1 fs time steps. The system coordinates and velocities were stored every 5 fs, and the velocity autocorrelation function (VACF) was averaged over 15 ps time segments of the trajectory for the oxygen atoms that survive in the first hydration shell of thickness 5Å as well as for those that hydrogen bond to the proteins. (Criteria for hydrogen bonds are specified below.) The VACF is defined as
where v i (t) is the velocity vector of the oxygen atom at time, t. The angular brackets denote averaging over all atoms of the particular type present in the hydration shell and over different reference initial times. Power spectra were obtained by Fourier transform of C V (t). The power spectra correspond to the vibrational density of the water. The vibrational density of protein molecules has been discussed elsewhere [11, [33] [34] [35] [36] . Hydrogen bond time correlation functions, C HB (t), were also computed for bonds between water molecules and the protein at 300 K. C HB (t) is defined as the probability that, if a hydrogen bond between donor, D, and acceptor, A, exists at t = 0, then it still exists at time, t, even if the bond broke at some intermediate time [37] . We adopt a standard criterion for hydrogen bonds, that is, a DA distance of 3.5Å and a D-H-A angle greater than 150
• [1, 38, 39] .
Results and Discussion

VACF Power Spectra.
A protein molecule perturbs the regular water-water hydrogen bond network in bulk water with the formation of protein-water hydrogen bonds and influences the water dynamics in the hydration layer around the protein surface. We have calculated at 300 K the velocity autocorrelation function and its power spectra for the water molecules in the hydration layer around the protein, which can provide insights into THz spectra of solvated proteins [40] . We have carried out this calculation both for the water molecules that form hydrogen bonds with the amino acid residues of the three planes of the protein and for the larger number of water molecules within a layer of thickness 5Å from the protein [41] . Power spectra are plotted in Figure 2 for the wild-type and mutant at 300 K. The results of a separate MD simulation of pure TIP5P water under the same conditions are also included for comparison.
We consider first the power spectra for bulk water, which appears in each of the panels in Figure 2 . We observe two bands in the power spectra of water at about 2 and 8 THz. The lower frequency band has been interpreted [42, 43] as corresponding to the O· · · O· · · O bending mode from triplets of hydrogen-bonded water molecules and the higher frequency band as O· · · O stretching mode between pairs of hydrogen-bonded water molecules. Turning to the hydration water, the results plotted in Figure 2 (a) reveal a clear blue shift in S O (ω) for the band corresponding to the O· · · O· · · O bending for water. The shift is very similar for the water molecules in the 5Å hydration layer around each of the three planes. A blue shift in the same spectral region has been observed for water molecules in the hydration layer around helices of the villin headpiece subdomain, HP-36 [44] . Figure 2(b) gives the result for the hydration layer around the wild-type AFP, and we observe similar results for the mutant (not shown). Overall, we find that for the water molecules in the 5Å hydration layer around the protein there is little difference among the spectra obtained for the water near Planes 1, 2, or 3.
For the water molecules hydrogen bonded to the protein we observe distinct differences in the power spectra of the velocity autocorrelation function for each of the planes. The power spectra for the water hydrogen bonded to the protein exhibit again peaks near 2 and 8 THz, but the intensity of the 2 THz peak is smaller than for the hydration water, and the peak corresponding to the O· · · O· · · O bending appears even further broadened and blue shifted compared to bulk water than the peak for the hydration water in the 5Å layer around the protein. This could be related to the more restricted dynamics of the water molecules hydrogen bonded to the protein. Indeed, we have computed the power spectrum for bulk water at 250 K and for water molecules in the hydration shell and found the first peak for bulk water at this lower temperature to have a smaller intensity, and similar to that for the hydration water [45] . For the wild type we observe that Plane 1 exhibits a greater intensity on the blue edge of the lower frequency band compared to the other planes, whereas for the mutant the intensity is also greater but on the red side of the band. Because the power spectra for the wild type and the mutant are distinct, we expect that differences in the THz spectra of the wild type and the mutant can be detected.
Hydrogen Bond Correlation Function.
We plot in Figure 3 results for the hydrogen bond correlation function, C HB (t), defined in Section 2, to times of 200 ps for hydrogen bonds between water molecules and protein atoms on Planes 1, 2, and 3 of the wild type and mutant, as well as between water molecules in the bulk for comparison. All the simulations were carried out at 300 K. Overall, the observed slow rearrangement times for hydrogen bonds between water molecules and the protein compared to hydrogen bonds between water molecules in the bulk are consistent with expectations for water molecules in the hydration layer around a protein [46, 47] . Nutt and Smith [29] computed the hydrogen bond correlation function for bonds between water and the three planes of the wild type, and we focus here mainly on comparison of the wild-type results with the results for the mutant. The hydrogen bond lifetime for bonds between water and the protein survive longer than hydrogen bonds between water molecules in the bulk, as seen in numerous previous simulation studies [1, 9, 38, 48, 49] . However, we also observe differences for hydrogen bonds between water and atoms on different planes of the protein.
Considering first the wild type, we find, as did Nutt and Smith [29] , that C HB (t) for hydrogen bonds between water molecules and atoms of Plane 1 decays significantly slower than C HB (t) for bonds between water molecules and the other two planes. Interestingly, we find the hydrogen bond correlation functions for hydrogen bonds between water and the three protein planes to be noticeably closer to each other for the mutant than for the wild type out to the 100 picosecond time scale. The antifreeze activity of the protein decreases dramatically when replacing four of the threonines on Plane 1, indicated in Figure 1 , with leucines [28] and we observe in our MD simulations that the hydrogen bond lifetimes for bonds between water molecules and atoms of each plane become similar to one another with this mutation. Only four point mutations have a sizable effect on the hydrogen bond dynamics, indicating the effect may not simply be local, but may influence the orientation of many water molecules. Such a nonlocal effect on the orientation of hydration waters by point mutation has been illustrated recently for a simple protein-sized model system [50] .
Concluding Remarks
In this work, we examined the power spectrum of the velocity autocorrelation function for water molecules near the surface of the antifreeze protein (AFP) from the spruce budworm Choristoneura fumiferana and analyzed the hydrogen bond lifetimes for bonds between water molecules and the protein.
We explored effects of the heterogeneity of the protein surface, in particular the distinctive properties of the water and protein-water interactions on the three planes of the protein, one of which is vital to the function of this AFP, and how the dynamics is affected by mutation.
For the power spectra of the water in the hydration layer of the AFP and the subset of that water that hydrogen bonds to the protein we find a blue shift of the roughly 2 THz band compared to the same band in bulk water with a more pronounced shift for the water molecules that are hydrogen bonded to the protein residues. Although the power spectra for the water molecules within 5Å of each of the planes of the protein appear quite similar, power spectra for the water molecules hydrogen bonded to different planes of the protein exhibit distinct spectra in the range 1-4 THz. The differences among the power spectra for the water molecules hydrogen bonding to each of the three planes are influenced by mutation. We expect that THz measurements, which are highly sensitive to the hydration water [48, [51] [52] [53] [54] [55] , will reveal differences between the wild type and mutant. Recent THz experiments [49] on a λ-repressor fragment indicate that only a few point mutations can give rise to very different THz spectra.
The hydrogen bond time correlation function was computed for hydrogen bonds between water molecules and each of the planes of the protein. For wild type AFP we observe differences in the hydrogen bond lifetimes for bonds between water and the three planes. The longest lifetimes are found for hydrogen bonds between water molecules and Plane 1, the ice-binding plane of the protein, consistent with results of previous simulations [29] . We observe that by introducing only four mutations to Plane 1, mutations that have been observed to substantially diminish the AFP activity of the protein [28] , the hydrogen bond correlation function for bonds between water molecules and each of the three planes are similar to one another. Overall, mutation is seen to modify hydrogen bonding over a wide range of time scales observable both in the power spectra and analysis of hydrogen bond lifetimes. These measures of hydrogen bonding at the protein-water interface aid in quantifying the complexity and heterogeneity of the interactions between water and the antifreeze protein and reveal regions of the protein-water interface important for antifreeze activity.
